INTRODUCTION {#sec0005}
============

Idiopathic normal pressure hydrocephalus (iNPH) is a neurodegenerative disease characterized by gait disturbance, dementia, and urinary incontinence \[[@ref001]\]. Selected patients benefit from cerebrospinal fluid (CSF) shunting \[[@ref002]\]. Several studies have revealed the coexistence of an Alzheimer's disease (AD) pathology in patients with iNPH \[[@ref004]\], suggesting that AD leads to poor shunt responses \[[@ref004]\]. It is well established that Aβ~42~ CSF concentrations are reduced in patients with iNPH, as seen in AD, while pTau levels in patients with iNPH are within the range of normal controls or even lower \[[@ref008]\]. The similar value of Aβ~42~ in AD and iNPH often presents a dilemma for clinicians in the differential diagnosis of these two diseases and in detection of AD pathology coexistence in iNPH \[[@ref006]\]. This is especially true in the early phase of AD pathology during which pTau levels remain in low \[[@ref012]\]. A reliable prognostic biomarker for long-term cognitive outcomes in iNPH is variable; however, it has not yet been fully identified \[[@ref013]\]. Thus, the aim of the current study was to identify a novel, predictive biomarker of long-term postoperative outcome in patients with iNPH by assessing the coexistence of early AD pathology.

Accumulating evidence suggests that Aβ oligomerization contributes to neurotoxicity, synaptic loss, and behavioral disorders \[[@ref014]\], in addition, accumulation of Aβ oligomers is one of the earliest phenomena during the progression of AD pathology \[[@ref016]\]. Thus, Aβ oligomers are followed with interest as a new potential therapeutic target of early stage AD. Notably, Aβ~42~ shows strong neurotoxicity and the ability to oligomerize \[[@ref017]\]. Aβ~42~ oligomers are held in equilibrium between the toxic- and non-toxic conformers, acting at different intermolecular sites and different oligomerization tendencies \[[@ref018]\]. Aβ~42~ toxic conformer has a turn structure at positions 22-23 \[[@ref019]\] and induces quick β-sheet formation \[[@ref018]\], potent neurotoxicity \[[@ref020]\], and strong synaptotoxicity \[[@ref022]\]. Aβ~42~ toxic conformer analysis in human CSF will hopefully aid its development as a novel therapeutic target of AD \[[@ref023]\].

In the present study, we evaluated Aβ~42~ toxic conformer as a novel diagnostic and prognostic biomarker of iNPH.

MATERIALS AND METHODS {#sec0010}
=====================

Patients {#sec0015}
--------

The present study comprised two cohorts. The first cohort included patients with AD (*n* = 17), iNPH (*n* = 17), and cognitively normal individuals (CN, *n* = 12), from whom pTau, Aβ~42~, and Aβ~42~ toxic conformer in CSF were obtained. The three groups were age adjusted. Patients with AD had been diagnosed at the Department of Neurology, Juntendo University in Tokyo, Japan, between October 2008 and December 2014, according to the criteria of the National Institute of Neurological Disease and Communicative Disorders and the Stroke/Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA); patients with iNPH had received a definite iNPH diagnoses established at the Department of Neurosurgery, Juntendo University in Tokyo, Japan, between May 2013 and November 2015, based on an existing guideline \[[@ref024]\]; the CN group comprised elderly individuals without dementia/any known brain disease and with no subjective cognitive, with a Mini-Mental State Examination (MMSE) score \[[@ref025]\] of \>25, who consented to a lumbar puncture at Juntendo University Hospital in Tokyo, Japan, between April 2009 and July 2012 ([Table 1](#jad-63-jad180059-t001){ref-type="table"}).

###### 

Characteristics of patients with AD, definite iNPH, and cognitively normal controls

                                         AD (*n* = 17)     iNPH (*n* = 17)     CN (*n* = 12)    *P*-valuep1 = AD versus iNPH,p2 = iNPH versus CN,p3 = AD versus CN
  ------------------------------------ ------------------ ------------------ ------------------ --------------------------------------------------------------------
  Age: mean ± SD                           75.9 ± 7.8         74.6 ± 6.3         74.9 ± 5.8     p1 = 1.000, p2 = 1.000, p3 = 1.000
  Sex: Male (number(%))                     6 (35%)            14 (82%)           6 (50%)       \*\*p1 = 0.005, p2 = 0.064, p3 = 0.428
  MMSE score Median \[min-max\]         22 \[[@ref009]\]   22 \[[@ref010]\]   29 \[[@ref025]\]  p1 = 1.000, \*\*p2 = 0.001, \*\*p3 = 0.002
  Biomarkers (mean ± SD)                                                                        
    pTau (pg/ml)                          103.5 ± 34.7        20.7 ± 8.0         21.3 ± 6.6     \*\*\*p1 \< 0.001, p2 = 0.992, \*\*\*p3 \< 0.001
    Aβ~42~ (pg/ml)                       378.7 ± 151.1      422.4 ± 148.6      627.7 ± 212.3    p1 = 0.779, \*p2 = 0.029, \*\*p3 = 0.008
    Aβ~42~ toxic conformer (pg/ml)        60.1 ± 19.2        41.6 ± 11.5         36.3 ± 7.8     \*\*p1 = 0.006, p2 = 0.388, \*\*\*p3 \< 0.001
    Aβ~42~ toxic conformer ratio (%)       17.2 ± 6.0         10.8 ± 3.2         6.3 ± 2.5      \*\*p1 = 0.002, \*\*p2 = 0.001, \*\*\*p3 \< 0.001

Results are shown as the median \[minimum and maximum\], or as the mean ± SD. Pearson's chi-squared test for sex and Dunnett's test for all other domains were conducted, followed by one-way analysis of variance. \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 were considered to be statistically significant. AD: Alzheimer's disease; iNPH: idiopathic normal pressure hydrocephalus; CN: cognitively normal; MMSE: Mini-Mental State Examination.

The second cohort comprised 51 consecutive patients with a diagnosis of possible iNPH according to the existing guideline \[[@ref024]\] and who had undergone CSF shunting at the Department of Neurosurgery, Juntendo University in Tokyo, Japan, between October 2009 and April 2016. Patients were divided into two groups according to CSF pTau levels; this included 40 patients with pTau levels \<30 pg/ml and 11 patients with pTau levels \>30 pg/ml. After adjustment for age (range 70--84 years old), 27 patients were categorized as the low-pTau group and 11 patients were categorized as the high-pTau group. The cut-off value was taken from a previous study that analyzed pTau levels in patients with mild cognitive impairment \[[@ref026]\]. Consequently, 40 patients in the low-pTau group were divided into two subgroups according to the postoperative change in Aβ~42~ toxic conformer ratio (%) \[Aβ~42~ toxic conformer/ Aβ~42~×100\] 1 year after CSF shunting; 26 patients with postoperatively decreased or unchanged Aβ~42~ toxic conformer ratio were classified into the decreased-conformer subgroup and 14 patients with postoperatively increased Aβ~42~ toxic conformer ratio were classified into the increased-conformer subgroup ([Fig. 1](#jad-63-jad180059-g001){ref-type="fig"}). Because the Aβ~42~ toxic conformer ratio was not correlated with age, no age-adjustment was performed (range 60--84 years old).

![The flow chart of patient division. 51 consecutive patients with a diagnosis of possible iNPH who had undergone CSF shunting were divided into two groups according to CSF pTau levels; 40 patients with pTau levels \<30 pg/ml and 11 patients with pTau levels \>30 pg/ml. After adjustment for age (range 70--84 years old), 27 patients were categorized as the low-pTau group and 11 patients were categorized as the high-pTau group. Consequently, 40 patients in the low-pTau group were divided into two subgroups according to the postoperative change in Aβ~42~ toxic conformer ratio 1 year after CSF shunting; 26 patients with postoperatively decreased or unchanged Aβ~42~ toxic conformer ratio were classified into the decreased-conformer subgroup and 14 patients with postoperatively increased Aβ~42~ toxic conformer ratio were classified into the increased-conformer subgroup.](jad-63-jad180059-g001){#jad-63-jad180059-g001}

Clinical status was evaluated using the MMSE, the Frontal Assessment Battery (FAB) \[[@ref027]\], the modified Rankin Scale (mRS) \[[@ref028]\], and the Japanese iNPH grading scale (INPHGS) \[[@ref024]\]. Clinical findings were compared between the low- and high-pTau groups, and between the increased- and decreased-conformer subgroups. The study was approved by the Ethics Committee of Juntendo University. All patients included in the study, or, where appropriate, their relatives, gave informed consent for their participation. Written informed consent was also obtained from all patients and families prior to the CSF shunting.

CSF analysis {#sec0020}
------------

Lumbo-peritoneal shunts and lumbar punctures were performed following the method we previously reported \[[@ref029]\]. In brief, we used an adjustable valve in all patients with a small lumen catheter (Medtronic Neurosurgery, Goleta, CA). CSF samples were collected by lumbar puncture performed in the L3--L4 or L4--L5 interspace through an 18-gauge spinal needle in all patients preoperatively. As a postoperative follow-up, proper shunt function was monitored by CSF withdrawal through the valve puncture using a 27-gauge needle. Additionally, symptoms and clinical features, including magnetic resonance imaging (MRI) findings, were observed frequently; the valve pressure was set to a lower level when no improvement in symptoms was seen and to a higher level when signs of over-drainage appeared, such as headache or an asymptomatic subdural hematoma in MRI \[[@ref029]\]. No infection was reported following the lumbar puncture or valve puncture. All CSF samples were centrifuged at 4°C and 1690G for 10 min to remove cells and debris, aliquoted, and stored in polypropylene tubes at --80°C until biochemical analysis. The CSF biomarkers--- pTau, Aβ~42~, and Aβ~42~ toxic conformer--- were analyzed using enzyme-linked immunosorbent assay. Antibodies used were Innotest phospho tau-181p (Innogenetics, Belgium) for pTau, Innotest beta-amyloid 1--42 (Innogenetics) for Aβ~42~, and Human Amyloid β Toxic Oligomer (No. 27709, IBL, Japan) for Aβ~42~ toxic conformer \[[@ref030]\]. The bicinchoninic acid method was used for total protein measurement.

Statistics {#sec0025}
----------

Non-parametric statistics were used for all analyses. Between-group comparisons for the three groups in the first cohort were performed using the Dunnett's T3 test following a one-way analysis of variance. Between-group comparisons for the two groups/subgroups in the second cohort were performed using the Mann--Whitney U test for age, clinical findings, and CSF biomarkers, using the Pearson's chi-squared test for sex, and the Wilcoxon signed-rank test for the time series data. Correlations revealed by scatter plots were calculated using Pearson's correlation coefficient. All statistical analyses were performed with IBM Statistical Package of the Social Sciences Version 18.0 (SPSS, Cary, NC) for Windows. Results are shown as mean ± SD for age, value of CSF biomarkers, and Evans index, and as median, minimum, and maximum for the scoring of clinical evaluation batteries. *p* \< 0.05 are considered to be statistically significant.

RESULTS {#sec0030}
=======

Aβ~42~ toxic conformer ratio differentiates between AD, iNPH, and CN {#sec0035}
--------------------------------------------------------------------

pTau in the AD group (103.5 pg/ml) was significantly higher than that of both the iNPH group (20.7 pg/ml) (*p* \< 0.001) and the CN group (21.3 pg/ml) (*p* \< 0.001). There was no significant difference in pTau between the iNPH and CN groups ([Fig. 2A](#jad-63-jad180059-g002){ref-type="fig"}, [Table 1](#jad-63-jad180059-t001){ref-type="table"}). Aβ~42~ in the AD group (378.8 pg/ml) was significantly lower than that of the CN group (627.7 pg/ml) (*p* = 0.008), but not significantly different from the iNPH group (422.4 pg/ml). Aβ~42~ in the iNPH group was significantly lower than that of the CN group (*p* = 0.029) ([Fig. 2B](#jad-63-jad180059-g002){ref-type="fig"}, [Table 1](#jad-63-jad180059-t001){ref-type="table"}). Aβ~42~ toxic conformer in the AD group (60.1 pg/ml) was significantly higher than that in both the iNPH group (41.6 pg/ml) (*p* = 0.006) and the CN group (36.3 pg/ml) (*p* \< 0.001). There was no significant difference in Aβ~42~ toxic conformer between the iNPH group and the CN group ([Fig. 2C](#jad-63-jad180059-g002){ref-type="fig"}, [Table 1](#jad-63-jad180059-t001){ref-type="table"}). The percentage of Aβ~42~ toxic conformer to Aβ~42~ indicated as Aβ~42~ toxic conformer ratio (%) \[Aβ~42~ toxic conformer/Aβ~42~×100\] was 17.2 ± 6.0% in the AD group, 10.8 ± 3.2% in the iNPH group, and 6.3 ± 2.5% in the CN group; significant differences were shown between the AD and iNPH group (*p* = 0.002), between the iNPH and CN group (*p* = 0.001), and between the AD and CN group (*p* \< 0.001) ([Fig. 2D](#jad-63-jad180059-g002){ref-type="fig"}, [Table 1](#jad-63-jad180059-t001){ref-type="table"}).

![The analyses of cerebrospinal fluid markers in the three patient groups. A) pTau was significantly higher in the AD group compared to the iNPH group (*p* \< 0.001), or the CN group (*p* \< 0.001). No significant difference was seen between the iNPH and CN groups. B) Aβ~42~ was significantly low in the AD group (*p* = 0.008) and the iNPH group (*p* = 0.029) compared to the CN group. No significant difference was seen between the AD and iNPH groups. C) Aβ~42~ toxic conformer was high in the AD group compared to the iNPH group (*p* = 0.006), compared to the CN group (*p* \< 0.001). No significant difference was seen between the iNPH and CN groups. D) Aβ~42~ toxic conformer ratio, indicating the percentage of Aβ~42~ toxic conformer to total Aβ~42~, was highest in the AD group, followed by the iNPH group, and lowest in the CN group (AD versus iNPH: *p* = 0.002; iNPH versus CN: *p* = 0.001; AD versus CN: *p* \< 0.001).](jad-63-jad180059-g002){#jad-63-jad180059-g002}

Higher pTau levels were associated with unfavorable long-term outcomes {#sec0040}
----------------------------------------------------------------------

For the possible iNPH patients of the second cohort, we compared cognitive function between the two age-adjusted groups ([Fig. 3A](#jad-63-jad180059-g003){ref-type="fig"}) that had been divided according to CSF pTau level at baseline. There was a group difference in sex (*p* = 0.03), and no between-group differences in the rate of disproportionately enlarged subarachnoid-space hydrocephalus (DESH) presence, tap-test responses, grade of white matter changes evaluated by the age-related white matter change (ARWMC) scale \[[@ref031]\], preoperative Evans index, comorbidities, or preoperative medication for dementia ([Table 2](#jad-63-jad180059-t002){ref-type="table"}).

![Postoperative transitions in MMSE score in the low- and high-pTau groups. A) A scatter plot showing a significant correlation between pTau and age (Pearson's coefficient 0.289, *p* = 0.04). B) Postoperative transitions in MMSE scores in the low-pTau group showing significant improvement at 1 year after CSF shunting compared to baseline (*p* = 0.001). The consequent transitions until 2 years after CSF shunting varied widely, which resulted in no significant change from 1 year after CSF shunting. C) Postoperative transitions in the MMSE scores in the high-pTau group. No significant change in MMSE score was revealed between the baseline and 1 year after CSF shunting; however, the MMSE score 2 years after CSF shunting was significantly lower (*p* = 0.005) than that of 1 year postoperatively. D) A distribution of 2 years postoperative changes in the MMSE score showing that 9/11 patients (81.8%) of the high-pTau group declined 2 years after CSF shunting, while 9/27 patients (33.3%) of the low-pTau group declined. The right side of a dotted line indicates the improvement in MMSE score.](jad-63-jad180059-g003){#jad-63-jad180059-g003}

###### 

Characteristics of the possible iNPH patients

  -----------------------------------------------------------------
  Patients: number (%)
  Age: mean ± SD
  Sex: Male (number (%))
  DESH: number/total number (%)
  Tap-test: number of positive/total number (%)
  White matter change: number of ARWMC score 0-1/total number (%)
  Evans Index: mean ± SD
    preoperative
    postoperative
  Comorbidities: number/total number (%)
    Hypertension
    Diabetes
    Dyslipidemia
    Cardiac diseases
    Stroke
  Medication for dementia: number/total number (%)
    preoperative
  -----------------------------------------------------------------

Values are shown as number or mean ± SD. Mann-Whitney U tests were conducted for age, and Evans index and Pearson's chi-squared test for all other domains. \**p* \< 0.05 and \*\**p* \< 0.01 were considered to be statistically significant. DESH, Disproportionately enlarged subarachnoid-space hydrocephalus; ARWMC, Age-related white matter change.

MMSE scores 2 years postoperatively were significantly higher in the low-pTau group compared to that of the high-pTau group (*p* = 0.001). In the low-pTau group, the MMSE score significantly improved from a median value of 23 at the baseline to 26 at 1 year after CSF shunting (*p* = 0.001) ([Fig. 3B](#jad-63-jad180059-g003){ref-type="fig"}, [Table 3](#jad-63-jad180059-t003){ref-type="table"}). However, the consequent MMSE score changes until 2 years after CSF shunting varied; 18/27 patients (66.7%) showed improved or unchanged scores, and 9/27 (33.3%) showed lower MMSE scores 2 years postoperatively compared to 1 year after CSF shunting ([Fig. 3D](#jad-63-jad180059-g003){ref-type="fig"}). Thus, the total postoperative change for the whole low-pTau group 2 years after CSF shunting became non-significant ([Fig. 3B](#jad-63-jad180059-g003){ref-type="fig"}, [Table 3](#jad-63-jad180059-t003){ref-type="table"}). On the other hand, in the high-pTau group, median MMSE scores showed no significant change at 1 year after CSF shunting compared to baseline (22 versus 24); however, median MMSE scores were significantly lower 2 years after CSF shunting compared to baseline score (22 versus 20, *p* = 0.007) ([Fig. 3C](#jad-63-jad180059-g003){ref-type="fig"}, [Table 3](#jad-63-jad180059-t003){ref-type="table"}). Indeed, 9/11 patients (81.8%) showed a decline, and scores of 2/11 (18.2%) patients remained unchanged 2 years after CSF shunting compared to the baseline score ([Fig. 3D](#jad-63-jad180059-g003){ref-type="fig"}). The FAB scores in the low-pTau group showed a significant improvement two years postoperatively when compared to baseline score (*p* = 0.039), while that of the high-pTau group showed no statistical postoperative improvement ([Table 3](#jad-63-jad180059-t003){ref-type="table"}).

###### 

Pre- and postoperative features in patients with iNPH

  ---------------------------------------------
  Neuropsychological test: median \[min-max\]
    MMSE
    FAB
  Clinical findings: median \[min-max\]
    mRS
  INPHGS
    Gait disturbance
    Dementia
    Urinary incontinence
  Biomarkers: mean ± SD
  pTau (pg/ml)
  Aβ~42~ (pg/ml)
  Aβ~42~ toxic conformer (pg/ml)
  Aβ~42~ toxic conformer ratio (%)
  ---------------------------------------------

Results are shown as the median \[minimum-maximum\] or mean ± SD. Mann-Whitney U tests were used to compare low-pTau versus high-pTau groups and Wilcoxon signed-rank tests were used for all other comparisons. \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 were considered to be statistically significant. MMSE, Mini-Mental State Examination; FAB, frontal assessment battery; mRS, modified Rankin scale; INPHGS, iNPH grading scale.

In the analyses of CSF biomarkers ([Table 3](#jad-63-jad180059-t003){ref-type="table"}), 1 year after CSF shunting, Aβ~42~ was markedly increased in the low-pTau group compared to baseline (*p* \< 0.001) and was significantly higher than that of the high-pTau group (*p* = 0.014) which showed an insignificant increase. Aβ~42~ toxic conformer in the low-pTau group was increased significantly 1 year after CSF shunting compared to baseline (*p* \< 0.001) while the high-pTau group showed no statistical change in Aβ~42~ toxic conformer 1 year postoperatively compared to baseline. No difference was seen in Aβ~42~ toxic conformer 1 year after CSF shunting in the low- versus high- pTau groups. As a result of the postoperative changes of these two biomarkers, the Aβ~42~ toxic conformer ratio was significantly lower in the low-pTau group compared to the high-pTau group 1 year postoperatively (*p* = 0.002).

Postoperative changes in Aβ~42~ toxic conformer ratio predict cognitive outcome {#sec0045}
-------------------------------------------------------------------------------

We consequently analyzed the change in Aβ~42~ toxic conformer ratio in the low-pTau group by dividing patients into two subgroups (decreased-conformer and increased-conformer subgroups) according to the 1 year postoperative change in the Aβ~42~ toxic conformer ratio ([Fig. 1](#jad-63-jad180059-g001){ref-type="fig"}, [Table 4](#jad-63-jad180059-t004){ref-type="table"}). No age adjustment was performed because there was no correlation between Aβ~42~ toxic conformer ratio and age ([Fig. 4A](#jad-63-jad180059-g004){ref-type="fig"}). No between-subgroup differences were found in sex, rate of DESH presence, tap-test responses, the grade of white matter changes evaluated by the ARWMC scale, the preoperative Evans index, comorbidities, or preoperative use of medication for dementia ([Table 4](#jad-63-jad180059-t004){ref-type="table"}).

![Postoperative transitions of MMSE scores in the decreased- and increased-conformer group. A) A scatter plot showing no correlation between Aβ~42~ toxic conformer ratio and age (Pearson's coefficient 0.026, *p* = 0.873). B) Postoperative transitions of MMSE scores in the decreased-conformer group showing significant improvement from the baseline at both 1- and 2 years after CSF shunting (both: *p* \< 0.001). C) Postoperative transitions of MMSE scores in the increased-conformer group showing no significant change between the baseline and 1 year after CSF shunting; however, a significant decline was revealed between 1- and 2 years after CSF shunting (*p* = 0.036). D) A distribution of 2 tears postoperative changes in MMSE scores showing that scores of 11/14 patients (78.6%) of the increased-conformer group declined 2 years after CSF shunting, while scores of only 2/26 patients (7.7%) of the decreased-conformer group declined. The right side of the dotted line indicates an improvement in MMSE score.](jad-63-jad180059-g004){#jad-63-jad180059-g004}

###### 

Characteristics of the decreased- and increased-conformer group

                                                           Decreased- conformer group   Increased- conformer group   Decreased- versus increased   Pre- versus postoperative
  ------------------------------------------------------- ---------------------------- ---------------------------- ----------------------------- ---------------------------
  Patients: number                                                     26                           14                        *p*-value           
  Age: mean ± SD                                                   73.3 ± 6.3                   71.4 ± 7.4                      0.434             
  Sex: Male (number (%))                                            19 (73%)                     9 (64%)                        0.563             
  DESH: number (%)                                                22/26 (85%)                  12/13 (92%)                      0.498             
  Tap-test: number of positive (%)                                18/24 (75%)                   9/11 (82%)                      0.656             
  White matter change:    number of ARWMC score 0-1 (%)           16/24 (67%)                   8/14 (57%)                      0.557             
  Evans Index: mean ± SD                                                                                                                          
    preoperative                                                 0.34 ± 0.03^1^               0.36 ± 0.04^3^                    0.538                 1 versus 2: \*0.044
    postoperative                                                0.33 ± 0.04^2^               0.33 ± 0.03^4^                    0.777                 3 versus 4: \*0.047
  Comorbidities: number (%)                                                                                                                       
    Hypertension                                                  13/26 (50%)                   7/14 (50%)                      1.000             
    Diabetes                                                       6/24 (25%)                   1/14 (7%)                       0.171             
    Dyslipidemia                                                   9/24 (38%)                   7/14 (50%)                      0.452             
    Cardiac diseases                                               1/26 (4%)                    0/14 (0%)                       0.457             
    Stroke                                                         3/26 (12%)                   2/14 (14%)                      0.802             
  Medication for dementia: number (%)                                                                                                             
    preoperative                                                 3/26 (12%)^5^                2/14 (14%)^6^                     0.802                 5 versus 6: \*0.048

Values are shown as the number or mean ± SD. Mann-Whitney U test was used for age, and Evans index and, Pearson's chi-squared tests were used for all other domains. \**p* \< 0.05 was considered to be statistically significant. DESH, Disproportionately enlarged subarachnoid-space hydrocephalus; ARWMC, Age-related white matter change.

Focusing on the MMSE score, a significant improvement in the decreased-conformer subgroup was shown over the two years after CSF shunting compared to the baseline score (*p* \< 0.001) ([Fig. 4B](#jad-63-jad180059-g004){ref-type="fig"}, [Table 5](#jad-63-jad180059-t005){ref-type="table"}), while a significant decline was shown in the increased-conformer subgroup 2 years postoperatively compared to baseline score (*p* = 0.036) ([Fig. 4C](#jad-63-jad180059-g004){ref-type="fig"}, [Table 5](#jad-63-jad180059-t005){ref-type="table"}). The data also reveal that 24/26 patients (92.3%) in the decreased-conformer subgroup showed improvement in MMSE scores 2 years after CSF shunting compared to baseline score ([Fig. 4D](#jad-63-jad180059-g004){ref-type="fig"}). On the other hand, although 11/14 patients (78.6%) in the increased-conformer subgroup showed improvement in MMSE scores 1 year after CSF shunting compared to baseline score (data not shown), 13/14 patients (92.9%) showed a decline in MMSE scores 2 years after CSF shunting compared to baseline score ([Fig. 4D](#jad-63-jad180059-g004){ref-type="fig"}). As a result, a significant between-subgroup difference was shown in MMSE score 2 years after CSF shunting (*p* \< 0.001) ([Table 5](#jad-63-jad180059-t005){ref-type="table"}). FAB scores showed significant improvement in the decreased-conformer subgroup over the two years after CSF shunting compared to baseline scores (*p* = 0.029), while the increased-conformer subgroup showed no postoperative change. As a result, postoperative MMSE and FAB scores at 2 years were significantly higher in the decreased-conformer subgroup than the increased-conformer subgroup (MMSE: *p* \< 0.001; FAB: *p* = 0.010) ([Table 5](#jad-63-jad180059-t005){ref-type="table"}).

###### 

Pre- and postoperative findings in the decreased- and increased-conformer groups

                                                 Decreased-conformer ratio   Increased-conformer ratio   Decreased versus increased                                                                                                                                                     
  --------------------------------------------- --------------------------- --------------------------- ---------------------------- --------------- --------------- ------- --------------- --------------- --------------- ------------ ------------ ------------ --------- --------- --------------
  Neuropsychological test: median \[min-max\]                                                                                                                                                                                                                                           
    MMSE                                               23 \[13--29\]               27 \[18--29\]               27 \[19--30\]          \*\*\*\<0.001   \*\*\*\<0.001   0.804   23 \[18--28\]   26 \[19--29\]   22 \[17--26\]     0.087       \*0.036     \*\* 0.001    0.820     0.156    \*\*\* 0.000
    FAB                                                12 \[4--17\]                14 \[7--18\]                 14 \[18-17\]           \*\* 0.003        \*0.029      0.246   10 \[3--14\]    11 \[9--14\]    10 \[6--15\]      0.260        0.964        0.094       0.302    \*0.016     \*0.010
  Clinical findings: median \[min-max\]                                                                                                                                                                                                                                                 
    mRS                                                 3 \[1--4\]                  2 \[1--4\]                   2 \[0--4\]            \*\* 0.007     \*\*\*\<0.001   0.071    3 \[2--4\]      3 \[1--4\]      3 \[1--4\]     \*\* 0.008   \*\* 0.005     0.564      \*0.039   \*0.028    \*\* 0.006
  iNPHGS                                                                                                                                                                                                                                                                                
    Gait disturbance                                    2 \[1--4\]                  1 \[0--3\]                   1 \[0--3\]           \*\*\*\<0.001   \*\*\*\<0.001   0.248    2 \[1--4\]      2 \[0--3\]      2 \[0--3\]      \*0.011       0.107        0.414       0.555     0.155      \*0.024
    Dementia                                            2 \[1--3\]                  1 \[0--3\]                   1 \[0--3\]            \*\* 0.003     \*\*\*\<0.001   0.248    2 \[1--3\]      2 \[0--3\]      2 \[0--3\]      \*0.023       0.206        0.102       0.128    \*0.028    \*\* 0.001
    Urinary incontinence                                2 \[0--3\]                  1 \[0--3\]                   1 \[0--3\]            \*\* 0.001     \*\*\*\<0.001   0.083    2 \[0--3\]      2 \[0--3\]      1 \[0--3\]      \*0.014      \*0.030       0.334      \*0.002   \*0.025     \*0.046

  -------------------------------- --------------- -------------------- ------- --------------- --------------- -------------------- ------ --------------- -------------------------------- ----------------------------------
  Biomarkers: mean ± SD             Baseline (B)    1 year after (1 y)   1 y/B   B versus 1 y    Baseline (B)    1 year after (1 y)                          Decreased versus Increased (B)   Decreased versus Increased (1 y)
  pTau (pg/ml)                       19.9 ± 5.0        56.4 ± 26.0       2.83    \*\*\*\<0.001    20.0 ± 4.0        56.3 ± 35.2       2.82   \*\*\*\<0.001               0.977                             0.660
  Aβ42 (pg/ml)                      458.4 ± 225.7     850.3 ± 188.3      1.85    \*\*\*\<0.001   503.9 ± 219.3     564.7 ± 275.6      1.12       0.466                   0.523                           \*\*0.003
  Aβ42 toxic conformer (pg/ml)       49.0 ± 19.6       65.4 ± 15.4       1.33    \*\*\*\<0.001    48.4 ± 13.3       70.5 ± 20.9       1.46   \*\*\*\<0.001               0.809                             0.701
  Aβ42 toxic conformer ratio (%)     13.1 ± 9.5         8.0 ± 2.5        0.61    \*\*\*\<0.001    10.8 ± 4.5         15.1 ± 6.4       1.40    \*\* 0.001                 0.285                         \*\*\*\<0.001
  -------------------------------- --------------- -------------------- ------- --------------- --------------- -------------------- ------ --------------- -------------------------------- ----------------------------------

Results are shown as the median \[minimum-maximum\] or mean ± SD. Mann-Whitney U tests were used for the comparison of the decreased-conformer versus increased-conformer groups, and Wilcoxon signed-rank tests for all other comparisons. \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 were considered to be statistically significant. MMSE, Mini-Mental State Examination; FAB, frontal assessment battery; mRS, modified Rankin scale; INPHGS, iNPH grading scale.

In the CSF analyses, pTau increased significantly 1 year postoperatively compared to baseline within both subgroups (*p* \< 0.001 and *p* = 0.003), resulting in no subgroup differences ([Table 5](#jad-63-jad180059-t005){ref-type="table"}). The decreased-conformer subgroup showed a significant increase in Aβ~42~ 1 year postoperatively compared to baseline (*p* \< 0.001), while that in the increased-conformer subgroup showed no significant increase, resulting in a significant between-subgroup difference 1 year after CSF shunting (*p* = 0.003) ([Table 5](#jad-63-jad180059-t005){ref-type="table"}). Aβ~42~ toxic conformer showed a significant postoperative increase 1 year after CSF shunting compared to baseline within both subgroups (both: *p* \< 0.001), resulting in no significant between-subgroup difference 1 year postoperatively ([Table 5](#jad-63-jad180059-t005){ref-type="table"}). Aβ~42~ toxic conformer ratio was significantly different between subgroups 1 year after CSF shunting (*p* \< 0.001) ([Table 5](#jad-63-jad180059-t005){ref-type="table"}).

In addition to careful postoperative observations, proper shunt function was confirmed by postoperative improvements in mRS or INPHGS scores or by a decrease in the Evans index or improvement of high convexity tightness, even in cases where Aβ~42~ did not increase postoperatively, such as the high-pTau group and the increased-conformer subgroup ([Tables 2](#jad-63-jad180059-t002){ref-type="table"} and [4](#jad-63-jad180059-t004){ref-type="table"}).

DISCUSSION {#sec0050}
==========

In the current study, in order to assess the effect of coexistence of early AD pathology in iNPH, we analyzed Aβ~42~ toxic conformer in CSF obtained from patients with iNPH. We found that changes in Aβ~42~ toxic conformer ratio after CSF shunting, with the alteration of Aβ~42~ clearance to CSF predict, postoperative long-term cognitive outcome.

In the first cohort, Aβ~42~ was significantly lower in both the AD and iNPH groups compared to the CN group. On the other hand, Aβ~42~ toxic conformer and Aβ~42~ toxic conformer ratio were significantly higher in the AD group than in the iNPH group, which clearly differentiates the two groups. In the second cohort, we assessed the effect of pTau level on cognitive function over time and found that the high-pTau group showed significantly lower MMSE scores 2 years after CSF shunting compared to the low-pTau group. By contrast, the low-pTau group had favorable outcomes 1 year postoperatively; however, 33.3% consequently showed a decline in cognitive functioning at 2 years. On further subdividing the low-pTau group according to the postoperative change in Aβ~42~ toxic conformer ratio, we found that the decreased-conformer subgroup, of which the Aβ~42~ toxic conformer ratio postoperatively decreased to be close to the range of the NC group, showed a significant improvement in MMSE scores over the two years postoperatively, while the increased-conformer subgroup, of which Aβ~42~ toxic conformer ratio postoperatively increased to be close to the range of the AD group, showed a decline in MMSE between 1 year and 2 years postoperatively, resulting in a significant between-subgroup difference 2 years after CSF shunting.

Our results have important implications for determining postoperative cognitive outcomes in patients with iNPH. First, the high-pTau group was related to a long-term cognitive decline (2 years in the current study) following CSF shunting. This is likely to be because the preoperative high pTau levels are indicative of a coexistence of AD pathology \[[@ref005]\] which may progress during the 2 years, or a severe neurodegeneration that is irreversible due to a longer clinical course \[[@ref032]\]. Some studies have also suggested that the prolonged suffering from iNPH might be associated with neural destruction, which is supported by findings of increased levels of total Tau and pTau in CSF \[[@ref011]\]. More recently, one traditional amyloid cascade hypothesis \[[@ref034]\] is being replaced by the idea that Aβ and tau may be initiated independently in AD \[[@ref035]\]. Together with these reports, our results suggest that higher pTau levels in iNPH predict unfavorable postoperative outcomes. The second important clinical implication relates to the findings that Aβ~42~ toxic conformer ratio was higher in the AD group followed by the iNPH group compared to the CN group, and that a decrease in Aβ~42~ toxic conformer ratio at 1 year after CSF shunting was due to the increase (recovery) in Aβ~42~ clearance to CSF, which was correlated with the subsequent favorable cognitive outcomes. Graff-Radford reported that the low CSF Aβ~42~ observed in patients with iNPH could be due to an impaired clearance from interstitial fluid (ISF) to CSF \[[@ref009]\]. Jeppsson et al. also reported that iNPH is characterized by reduced brain metabolism in the periventricular zone, which leads to a decrease in Aβ~42~ production and reduced Aβ~42~ clearance from extracellular fluid due to reduced centripetal flow to CSF caused by the retrograde CSF dynamic, and further, that CSF shunting may create a novel escape route for CSF allowing for normal extracellular fluid clearance and a normalization of extracellular fluid flow dynamics \[[@ref036]\]. Similarly, Herukka and colleagues reported that ISF Aβ~42~, which was within similar range in CSF, tended to be lower in patients with Aβ deposition detected in the brain biopsy \[[@ref037]\]. Interestingly, it is reported that Global neurological status was better correlated with brain ISF Aβ measurements than with ventricular CSF Aβ \[[@ref038]\]. Moreover, another report has suggested that low CSF Aβ~42~ level in AD can be best explained by a significant decrease in Aβ~42~ clearance rather than an increase in Aβ~42~ production \[[@ref039]\]. From these perspectives, our results might also indicate that the higher Aβ~42~ toxic conformer ratio in AD and iNPH is due to a decreased clearance of Aβ~42~ in CSF, which may lead to Aβ~42~ oligomerization inthe brain.

There is increasing evidence that soluble oligomeric assemblies of Aβ can induce neurotoxicity and synaptotoxicity in AD pathology \[[@ref015]\], whereas mature plaques composed of insoluble fibrils are not always consistent with neuronal degeneration \[[@ref008]\]. In a review of conformation-specific antibodies targeting Aβ oligomers, Murakami also posited that Aβ oligomers can exist in a toxic form (such as Aβ-derived diffusible ligands and amylospheroid), and in a non-toxic form (such as amyloid fibrils, which comprise senile plaques). The minimum unit in both of these toxic and non-toxic oligomers exists as a dimer or/and trimer, which is also classified as a toxic conformer with a turn at positions 22 and 23, and as a non-toxic conformer with a turn at positions 25 and 26 \[[@ref041]\]. The antibody we used in this study recognizes this specific "toxic" turn at positions 22 and 23, and thus, the measured Aβ~42~ toxic conformer potentially forms Aβ~42~ toxic oligomer, which expresses neurotoxicity and synaptotoxicity \[[@ref023]\]. In the current study, the factor dividing the favorable and unfavorable cognitive outcomes was the postoperative change in Aβ~42~ toxic conformer ratio, which was due to the change in Aβ~42~, but not Aβ~42~ toxic conformer. The measured "total" Aβ~42~ mayinclude both Aβ~42~ toxic conformer and Aβ~42~ non-toxic conformer, and, since the value of Aβ~42~ toxic conformer was not changed postoperatively, the significant postoperative increase in Aβ~42~ mainly reflects the increase in Aβ~42~ non-toxic conformer in CSF. Izuo and colleagues have reported that the non-toxic Aβ~42~ conformer suppresses the process of β-sheet formation for Aβ~42~ aggregation and inhibits the toxic oligomer formation \[[@ref042]\]. These studies support our hypothesis that the postoperative decrease in Aβ~42~ toxic conformer ratio due to the increase in Aβ~42~ in CSF may protect cognitive function from neurotoxicity and synaptotoxicity induced by Aβ~42~ toxic oligomer.

The present study has some limitations that should be noted. First, the sample size was small, thus increasing the probability of type II errors. A consequent research study with a larger cohort is required. Second, AD pathology was not confirmed by biopsy or autopsy. Alternatively, another diagnostic tool for AD pathology, such as amyloid positron emission tomography, may be used in future studies. Third, we were unable to account for effects caused by other dementia-related diseases. Finally, the postoperative observational period was two years, and so future, longer-term studies will be necessary to verify our results.

Since CSF Aβ~42~ level is low in both patients with AD and with iNPH, it is difficult to detect the coexistence of early AD in iNPH without a corresponding increase in pTau. Thus, we can conclude that the change of Aβ~42~ toxic conformer ratio is a useful CSF biomarker to predict the long-term cognitive outcomes in patients with iNPH through detecting the coexistence of early AD pathology.
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